The Raman spectra of polycrystalline MgB 2 have been measured from 50 cm −1 to 1200 cm −1 at temperatures above and below T c , using parallel and crossed polarization scattering geometries. When the temperature was decreased below T c , a superconductivity induced redistribution in the electronic Raman continuum occurred at frequencies below 200 cm −1 . A pair-breaking peak at 110 cm −1 due to excitations across the superconducting gap appeared in both scattering geometries. The polarization independence of the peak frequency is consistent with an isotropic s-wave gap. The frequency of the pair breaking peak indicates 2∆ ≈ 4.1k B T c .
The recent discovery 1 of superconductivity in MgB 2 below 39 K has greatly surprised the physics research community. The superconducting temperature (T c ) of MgB 2 is considerably higher than that of the conventional superconductors and comparable to that of the optimally doped LaSrCuO which is one of the representative high-T c cuprates. Despite of having some structural similarities to the high-T c cuprates 2 , MgB 2 is not a copper-oxygen based compound and exhibits very different superconducting properties from the cuprates, including the isotope effects 3 and a smaller ratio of 2∆/k B T c 4-8 . In fact, MgB 2 does not belong to any group of previously known superconductors 9 and was never expected to be superconducting. Although MgB 2 has quickly become the focus of numerous research projects, the understanding of its physical properties, and especially the mechanism responsible for its superconductivity is still far from complete.
A key to the identifying of the mechanism of superconductivity is a knowledge of the symmetry and magnitude of the superconducting gap. For example, a spin-fluctuation mediated pairing mechanism can be shown to lead to a d-wave gap 10 whereas the conventional phonon-mediated pairing results in an s-wave gap 11 . The magnitude of the superconducting gap (∆) is also directly related to the superconducting mechanism. For example, the ratio of 2∆/k B T c is considered as a measure of the strength of coupling in the pairing mechanism. A number of groups have carried out experimental studies of the superconducting gap in MgB 2 4-8 . The value of 2∆ obtained from these experiments varies from 1.2 to 5 k B T c . On the other hand, to the best of our knowledge, there has been no report about the measurement of the k-dependence of the gap which is directly related to the gap symmetry.
Raman spectroscopy is a very effective method 13, 14 for studying both the magnitude and symmetry of the superconducting gap. Typically, at temperatures below T c , a superconductivity induced renormalization in the Raman spectra occurs as a result of the opening of the superconducting gap. Scattering from electronic excitations across the gap usually results in the appearance of a peak in the low temperature spectra. The peak frequency is a measure of the binding energy of the Cooper pairs, i.e., 2∆. When the gap is anisotropic, its k-dependence can be determined by investigating the polarization dependence of the Raman spectra below T c , as different scattering geometries essentially probe different portions of the Fermi surface 14 . As a matter of fact, this method has been successfully used in the studies of the superconducting gap in both the conventional 12 and high-T c superconductors 13, 14 . In order to determine the magnitude and k-dependence of the superconducting gap in MgB 2 , we have carried out an experimental investigation of the Raman spectra of MgB 2 , focusing on the superconductivity induced renormalization and its polarization dependence. In this paper, we report the results of our investigation.
Polycrystalline MgB 2 Samples used in this study were prepared by the rapid reaction of stoichiometric quantities of powdered amorphous boron (B) and magnesium (Mg). The samples show very clean powder x-ray diffraction patterns with all major MgB 2 peaks the same as those observed by Nagamatsu et al. 1 . The superconducting temperature determined by resistance and susceptibility measurements is 38.75 K and the transition width is 0.23 K.
The Raman spectra were obtained in a quasi backscattering geometry using the 514.5 nm line of an Ar-ion laser, which was focused onto the sample with a cylindrical lens to provide an incident intensity of about 1W/cm 2 . By examining the temperature and laser power dependence of the spectra, the laser heating effect was estimated to be less than 10 K. The temperatures reported in this paper are the direct readings of the ambient tem-perature without any correction. Two polarization configurations were used in the Raman measurements, VV and HV, where VV (HV) represents the scattering geometry in which the polarization direction of the incident light is vertical (horizontal), and the polarization direction of the scattered light is always vertical. Fig. 1 shows the Raman spectra from 50 cm −1 to 1200cm −1 at temperatures 15 K and 45 K measured in the VV and HV scattering geometries. A broad maximum peaked at about 620 cm −1 appears in both scattering geometries, and changes slightly when the temperature is cooled below T c . This broad feature can be interpreted as due to phonon contributions throughout the Brillouin zone. The frequency range of this feature is consistent with theoretical calculations of the phonon energies 15, 16 as well as the result of neutron scattering measurements of the density of states of phonons 17 . Typically, in materials without perfect crystal symmetry such as crystals with structural modulation or disorder, the selection rule based on conservation of crystal momentum breaks down and phonons throughout the Brillouin zone can become Raman active. In fact, the broadness of this feature and the similarity between the shapes of the polarized (VV) and depolarized (HV) spectra, as well as the intensity ratio of the VV and HV spectra, are very similar to what has been observed in amorphous materials 18 . However, since the X-ray diffraction pattern clearly shows typical sharp lines of powdered crystals, our samples are not amorphous. Moreover, we examined the fine structure of the samples with a scanning electron microscope and found that the size of the crystal grains ranges from 0.15 µm to 0.3 µm, which is much greater than the size of a unit cell of MgB 2 1 . Also, we measured the spectra using a Raman microprobe. Even when the size of the excited area of the sample was about 1 µm, we did not observed any significant difference in the spectra. Therefore, we believe that the samples are strongly disordered. Such disorder could arise from the lack of stoichiometry or substitutions between B and Mg sites.
Another feature shown in the spectra is the electronic Raman continuum in the background. Our preliminary measurements suggest that this continuum extends to frequencies beyond 3000 cm −1 , which is analogous to the electronic Raman continua observed in the high-T c cuprates 19 . Actually we found that the intensity of this continuum is about one order of magnitude higher than the continua in the high-T c Y123 and La214 cuprates. Furthermore, the most interesting feature in the spectra is the superconductivity induced redistribution in the low frequency region (ω < 200 cm −1 ) of the continuum. In particular, when the temperature is decreased below T c , a small peak appears at about 110 cm −1 . This peak is identified as a pair-breaking peak 12 which results from the scattering from electronic excitations across the superconducting gap. Clearly the shape and peak frequency of the pair-breaking peak are the same in the VV and HV scattering geometries. This is in direct contrast to the case of the d-wave high-T c cuprates in which the pair-breaking peak occurs at different frequencies in different scattering geometries 20 . Fig 2 shows the temperature dependence of the low frequency HV spectra near and below T c .
According to Klein and Dierker 12 , in the small wave vector limit (q → 0), the photon cross section for Raman scattering from pairs of superconducting quasiparticles at zero temperature is given by:
where N is the density of states for one spin, r 0 is the Thomson radius, γ(k) is the Raman vertex, and the brackets denote an average over the FS with the restriction
In the nonresonant limit, the Raman vertex γ(k) is given by
where e ) to select different components of the Raman vertex to achieve a different k dependence in γ(k) and thus probe the superconducting gap on different parts of the FS 14, 20 . This method has been successfully applied to various superconductor single crystals 12, 20 . For a polycrystalline sample, the crystal grains are randomly oriented and it is difficult to select specific components of the Raman vertex by choosing a scattering geometry. However, it is straightforward to verify that the components of the Raman vertex have different contributions to the VV and HV spectra. For example, the diagonal components contribute more to the VV spectrum whereas the off-diagonal components will contribute more to the HV spectrum. Therefore, the VV and HV spectra will correspond to different parts of the FS even though they are not as selective as in a single crystal situation. In our experiments, as shown in Fig. 2 , we did not observe any polarization dependence in the pair breaking peak. That is, there is no evidence showing any anisotropy in the superconducting gap of MgB 2 . Although we can not rule out the possibility of an anisotropic gap, our result is consistent with an isotropic s-wave gap. The size of the gap can be determined by the frequency of the pair breaking peak. That is, 2∆ = 110cm −1 ≈ 14meV ≈ 4.1k B T c . In conclusion, we have measured the Raman spectra of MgB 2 at temperatures above and below T c . A broad maximum peaked at 620 cm −1 arises from phonon scattering throughout the Brillouin zone and suggests that the samples are strongly disordered. We have observed an electronic continuum that extends to frequencies beyond 1200cm −1 . Furthermore, when the temperature is decreased below T c , a superconductivity induced redistribution in the continuum occurs at frequencies below 200 cm −1 . In particular, a pair breaking peak appears at 110 cm −1 in both the VV and HV spectra, which is consistent with an isotropic s-wave gap with moderate coupling 2∆ ≈ 4.1k B T c . .
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